(Submitted for publication July 15, 1958 ; accepted March 5, 1959) Methods employing radioactively tagged red cells have been widely adopted for measurement of blood volume. However, in comparison with the work which has been done with the dye (1) (2) (3) (4) (5) and carbon monoxide (6) methods, little attention has been given to the establishment of mean values for men and women or to study of the variance encountered among healthy subjects. Most clinical investigators have collected their own control data, based often on study of relatively few or not entirely healthy subjects (7) (8) (9) (10) (11) (12) (13) .
A rather large scatter of data around mean prediction values has been found by all workers, regardless of methods employed, when values for whole blood volume (Vwb), red cell volume (Vrbc) and plasma volume (Vpl) are related to body weight, height, or combinations of these measures (1-5, 13, 14) . Some of this variation presumably results from differences in body composition, since blood volume correlates both with body density (5, 15) and with lean body mass (16, 17) . However, it has not been shown that predictions based on total body mass are less accurate than those based on lean body mass, which requires a separate measurement (15, 16) . Consideration of fat thickness and girth measurement, in addition to height and weight, was found by Hicks, Hope, Turnbull and Verel to improve prediction (14) . Gregersen and Nickerson (3) classified subjects according to somatotype and found that variance of blood volume per unit of body surface area was reduced to an important degree when dealing with extreme body types but not in the middle ranges. Divergent results have been reported concerning the influence of age and of physical training on blood volume (2, (18) (19) (20) (21) (22) (23) .
We have used the Cr51 method of Sterling and Gray (24, 25) to measure Vrbc and, indirectly from the hematocrit, Vwb and Vpl in 201 healthy prison inmates. Trivariate regression equations have been derived for the plane surfaces which relate the volumes to height and weight and a graphic system for their rapid application to practical problems has been developed. By analysis of individual differences, "residuals," from the mean regression planes, we have studied the effects of the following factors on the variability of the data: age, body build, habits of physical activity and, to a limited extent, seasonal changes.
SUBJECTS
The subj ects were selected by careful screening from normally active volunteers. Most of them were white (see Table I for racial and national origins). Information from the prison health records was supplemented by interviews conducted by a physician from our group, by minifilm X-rays of the chest and by laboratory tests which included complete blood On the day before the experiment, blood was taken for tagging and the laboratory screening tests were performed. The subject stayed in the prison hospital overnight and received no food or medication after retiring in the evening. He was also requested not to smoke. On the morning of the experiment, he reclined for at least 30 minutes before injection of the tagged cells and until the final sample for measurement of blood volume had been taken. Wintrobe hematocrit tubes were filled in duplicate from each blood sample within three hours of collection and centrifuged for 30 minutes at 3,000 rpm (radius 15 cm.). The height of the cell column was read to the top of the buffy coat, and no correction was applied for "trapped plasma."
The volume of cells (Vrbc) was measured by a modification of the Cr' method of Sterling and Gray (24) which we have described elsewhere (25) and which will be analyzed in a forthcoming publication (26) . Essentially, the procedure was as follows: 1) About 15 ml. of the subject's blood was tagged with 100 to 200 fuc. of NaCr"O,, containing 0.1 to 1.0 l&g. of NaCrO4 per ,uc.
The erythrocytes were then washed and resuspended in saline and stored overnight in the refrigerator.' 2) Ten ml. of the cell suspension was delivered from a calibrated syringe and washed quantitatively into the subject's vein with not more than 30 ml. of saline, using an indwelling needle and a small infusion system. 3) Two or three samples of blood were taken from the same needle beginning not less than 20 minutes after delivery of the tagged cells. The reported data are based on the averages of the derived values. A very slow infusion of saline provided for patency of the needle, but this was discontinued and at least 2 ml. of blood was taken from the vein and discarded before collection of any sample. 4) Vwb was determined by comparing the radioactivity of each blood sample with that of the tagged cell suspension. Vrbc was derived by multiplying Vwb and the hematocrit of the same blood sample. Vpl was obtained 1Overnight storage of the cells makes it possible to inject them into the fasting subject at a convenient time before breakfast. In zrtro tests and animal experiments have shown that handling the blood in this way does not affect the accuracy of the method (27, 28) .
by subtracting Vrbc from Vwb. No factor was introduced to correct the data for the probable difference between the hematocrit of venous blood and that of the body as a whole (29) (30) (31) .
On the day of the experiment pulse and blood pressure were measured. The subject's height and weight in the nude were measured to the nearest half inch and pound, respectively, and he was photographed as prescribed by Sheldon (32) for determination of somatotype. His age to the nearest birthday was recorded and the medical interview was completed.
On the basis of the medical interview, supplemented by information from associates and supervisors, each subject was assigned to a physical activity group. negative residuals in men of high muscularity and low linearity but moderate obesity. C) Physical activity. The relative uniformity of results within months, in contrast to the fluctuations during the entire study period, might be attributed to a) seasonal effects, b) the types of subjects encoun-tered, or c) methodologic factors. Influence of the latter seems unlikely since the within-month effect was as great at the end of the study as at the beginning and since the personnel, procedures and methods were unchanged throughout. E) Blood donations. Fifty-three blood donors were included in the series. Their residuals of Vrbc and Vpl are plotted in Figure 3 according to the interval of time between donation and experiment. The points are distributed evenly around the zero line which represents the predicted Vrbc or Vpl of each individual calculated from his height and weight. Most of the residuals were within plus or minus one standard deviation of the mean predicted volume so that the variation is no greater in this group than in the population as a whole. The residuals showed no tendency to increase or decrease progressively with time, between 42 and 180 days. For all donors, the mean residuals (ml.) were as follows: Vrbc = + 17 (S.E. 27), Vpl =-17 (S.E. 33), Vwb = + 0.2 (S.E. 50).
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Repeat determinations
In 15 men the blood volume was re-estimated one or more times after intervals of three to 31 weeks. The mean of the 20 differences for Vrbc was 73 ml. (range, 10 to 160 ml.) and for Vwb, AccORDING TO THE TIME  INTRVAL BETWEEN THE LAST DONATION AND THE BLOOD VOLUME MEASUREMENT measurements enable us to estimate the amount of variation due to measurement errors and shortterm temporal changes. The estimated standard deviation of such variation was 64 ml. for Vrbc and 211 ml. for Vwb. The standard deviations about the regression planes described by Equations 3 and 11, Table II , are reduced only modestly by taking into account the degree of variance shown by the repeat measurements, which includes the errors of measurement and the changes in blood volume of individual subjects from time to time.3 Thus, for Vrbc almost all of the predictive error seems to relate to intrinsic differences between subjects rather than to errors of measurement or temporal changes within subjects. For Vwb this is so to a lesser degree; this volume is either less stable or less accurately measured, or both.
DICUSSION
Only the observed venous hematocrit values were used in our calculations. It is recognized that the true Vrbc is slightly smaller than that calculated from the Cr5' space and observed hematocrit because of plasma trapping in the hematocrit 3 The S.D. for Vrbc (Equation 3, Table II ) is reduced from 190 ml. to _1(190)'-(64)2=179 ml. and the S.D. for Vwb (Equation 11, Table II) 1. 1. (Table II) describes the data. Arrows point to two subjects whose weight: height ratios were exceptionally high and who appear to the far right of the population scatter shown in Figures 1 and 2 . Data relating to these two subjects are marked by i: in Table I. tube (33) and that Vwb and Vpl may be larger than they appear when calculated from Vrbc and a large vessel hematocrit (29, 30) . Application of correction factors such as are used widely at present, 0.96 for trapping (34) and 0.91 for body: venous hematocrit ratio (31) , would change the observed values only systematically. Correction factors which apply to data on healthy subjects do not necessarily apply to subjects with disease. Plasma trapping varies with the hematocrit level (35) and the body: venous hematocrit ratio is altered in some circulatory disorders (11, 35) , with splenomegaly (36) and in pregnancy (37) . Other investigators may conveniently compare their data with ours before they apply any desired correction factors. Vrbc as determined here is independent of the body: venous hematocrit ratio, but Vpl and Vwb are not. It should be noted that Vrbc as reported here includes leukocytes and platelets because hematocrits were read to the top of the buffy coat.
The finding that blood volume relates more closely to one or another combination of height and weight than to either measure alone is in accord with the results of several other studies (1-6, 13, 14) . von Porat (4) proposed the use of (height) 3 as a reference and Allen and coworkers (5) found that regression to (height)3 and weight gave the most adequate expression of their own and other published data. However, the function, (height)3, is nearly linear over the narrow range of heights encountered among adult men. The predicted Vwb is altered only 28 ml. at most by substitution of height for (height)" in the equation of Allen and co-workers (5) over the range of heights encountered by these authors (1.57 to 1.89 M.).
The regression equations presented here should not be relied on for heights and weights outside the range covered by our observations, since there is no reason to suppose that the regression planes would continue to be the same beyond the observed domain. Furthermore, the accuracy with which the planes are estimated decreases as we depart from the center (indicated by a cross) of the height: weight scatter diagram (Figure 1 ).
For predicting "normal" volumes in individual cases, the graphic representation of the regression planes shown in Figure 1 Figure 4 . Regression of Vwb to height and weight accounted for only 56 per cent of the original variability of our data. The coefficient of variation (8.1 per cent) after this regression is of about the same magnitude as has been found in other studies after regression or correlation of blood volume to weight and height or to surface area. The magnitude of the coefficient depends on the homogeneity and size of the population under investigation. It was comparatively low in a group of average American medical students and considerably higher than ours in a group of subjects selected for extremes of somatotype (3). Our sample of adult males was of intermediate homogeneity, in that it included men from several racial origins whose ages extended to above 50 years and included physically active as well as sedentary persons, but only a few examples of extremely linear or obese body build. Most of the variation to be accounted for after consideration of height and weight is biologic rather than methodologic, as shown by our repeat studies and by similar experiences reported by workers using a variety of methods, for example, p32 (7, 12, 13) , Cr5l (10), 1131 (15) , and T-1824 (5, 13, 16 (14) found that consideration of fat thickness and girth in addition to height and weight lowered the coefficient of variation for Vwb from 9.6 to 7.6 per cent. Vwb, Vrbc and Vpl have been found to be directly related to body density (5, 15) , and Muldowney (17) found a surprisingly good correlation between Vrbc and lean body mass, considering that both were determined indirectly. On the other hand, Inkley, Brooks and Kreiger (16) found no better correlation between Vpl and lean body mass, determined by densitometry or by antipyrine space, than between Vpl and total body mass, and Huff and Feller (15) were unable to improve the prediction of blood volume by determining body density and calculating the expected blood content of fat and lean tissues separately.
The data of Gibson and Evans (2) appeared to show that blood volume per unit body size was less in large than in small subjects, so that the curves relating volumes to height, weight and body surface area were flattened at the top. We have been unable to corroborate this finding; none of our regression lines or planes show evidence of curvature. The only apparent explanation for the difference is that our large subjects were relatively more muscular and less obese than theirs. In most other respects, our results are in remarkably good agreement with those of the early workers who used the dye methods. The positive correlation found between residuals for Vrbc and Vpl (r = + 0.42) means that a man whose Vrbc is larger than average for his height and weight will also tend to have a large Vpl. This is in contrast to the inverse relation between Vrbc and Vpl found in certain pathologic states, e.g., anemia and polycythemia (38) , and suggests that the normal biologic determinants of blood volume may be concerned with circulatory volume rather than with total circulating hemoglobin.
The apparent absence of age effect in the third to fifth decades is in agreement with several reports (6, 8, 13) . The suggested tendency for the volumes per unit size to decrease in the sixth decade corroborates the findings of Gibson and Evans (2) and of Baker, Kozoll and Meyer (20) . The question of age, however, requires further study, inasmuch as both the above-mentioned studies (2, 20) and our own involved few subjects over 50 and since discordant results were found in two investigations particularly devoted to the problem of aging (18, 19) .
We have found that muscularity (mesomorphy) has a slight positive effect, while both linearity (ectomorphy) and obesity (endomorphy) have negative effects on the residuals about the height x weight regression planes. Also, a slight progressive positivity of residuals was found with increasing grades of habitual physical activity. This supports Sjdstrand's hypothesis (39) that Vrbc is primarily dependent on total muscle mass and, equally well, the thesis that blood volume may be more dependent on lean than on total body mass. In contrast, Bass, Buskirk, Jampietro and Mager (22) found no increase in Vpl or Vrbc after three weeks of vigorous physical conditioning and Buskirk (23) was unable to demonstrate differences in Vpl or Vwb per unit of total or fat-free body weight in moderately or rigorously trained athletes and nonathletes. The demonstration by Kjellberg, Rudhe and Sjdstrand (21) of large differences between the blood volumes of athletically trained and untrained persons requires re-examination. The carbon monoxide method which they used is particularly unsuitable for this problem, since 15 per cent of the test dose of gas leaves the blood during the measurement and goes mostly to muscle pigments (25, 27 2. Regression equations were derived, expressing the relations of the volumes to body weight and height and to combinations of these measures. From these data a chart was devised from which the expected Vrbc and Vpl for a man of given height and weight can be found conveniently.
3. In the sample of population examined, age, elements of the somatotype and habits of physical activity were found to influence the variance of the data only slightly, after effects of height and weight had been accounted for.
